Abstract--Allophane samples from soils, pumice, and stream beds have been studied by electron optical, infrared absorption, X-ray fluorescence, gas chromatography, and phosphate adsorption methods. The allophane particles were hollow spherules or polyhedra 35 and 50/~ in diameter with molar A1/Si ratios close to 2.0. The thickness of the wall of the spherules was estimated to be 7 ]~. For the pumice allophanes, the wall was largely composed of imogolite structural units (OH).3A1203SiOH. Defects or pores were present in the wall and probably were the sites where phosphate was adsorbed. It is suggested that these allophanes with molar A1/Si ratios close to 2.0 should be called "proto-imogolite" allophane.
INTRODUCTION
The name allophane has been used to describe a series of naturally occurring hydrous aluminosilicate clays characterized by short range order and by the predominance of Si-O-A1 bonds (Wada, 1977) . Recent high resolution electron micrographs of allophane samples separated from weathered volcanic ash and pumice showed that allophane was composed of hollow spherically shaped particles with diameters of 35-50/~ (Hemni and Wada, 1976; Wada and Wada, 1977) .
Imogolite is also present in many volcanic ash soils and although it is a paracrystalline tubular mineral it has many properties in common with allophane including its infrared spectrum, thermogravimetric curve, X-ray powder diffraction lines at 2.25 and 3.3 ,~, ready exchange of OH groups with DzO, and a hollow structure (Wada, 1977) . The atomic structure of imogolite (Cradwick et al., 1972) and gives an ideal composition of (OH)3A1203SiOH. Imogolite is used here as a model in the determination of the structure of some New Zealand allophanes.
MATERIALS AND METHODS
The samples were collected from the locations described in Table 1 and were stored in a moist condition in sealed plastic bags. The <2-txm fraction was extracted from the washed pumice samples 961 and 963, and sample 1013 by gently crushing, dispersing with an ultrasonic probe for 1 rain at the pH given in Table 1 to obtain an adequate yield, and then centrifuging. The
Copyright 9 1980, The Clay Minerals Society <0.2-p.m fraction was collected from samples 939 and 987 using the same dispersion treatment followed by centrifugation. The samples were saturated with Na using 0.1 M NaC1, the salts removed by dialysis against distilled water, and the samples stored as dilute suspensions. Imogolite (sample Ky G) was separated from gel which filled the interstices of the pumice beds at Kurayoshi, Japan. It was dispersed at pH 3.5, and the <2-/xm fraction was collected by sedimentation and then saturated with Na. Synthetic gibbsite was prepared by the method described by Parfitt et al. (1977) .
Chemical analysis
Suspensions containing about 20 mg of sample were shaken in the dark with 25 ml of 0.15 M sodium oxalate (pH 3.5) at 20~ for 2 hr. The treatment dissolved allophane (Fey and Le Roux, 1977; Higashi and Ikeda, 1974) , but left a trace of residue which was probably mainly glass. The suspensions (50 mg in 20 ml) were also treated with dithionite (0.2 g), sodium citrate (0.6 g), and sodium bicarbonate (2 ml, 1 M) at 90~ for 15 min. A1 and Fe in the extracts were determined by high temperature emission spectroscopy and Si by atomic adsorption (AA) using a Techtron AA5 spectrophotometer.
Infrared spectroscopy (IR)
KBr disks, 13 mm in diameter, were prepared using 1.0 mg of air-dried sample and 200 mg of KBr. Evacuation and D~O treatment (four times) was carried out
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on samples evaporated onto AgCI sheet. IR spectra were recorded between 200 and 4000 cm -1 on a Pye Unican SP200 spectrometer.
Phosphate adsorption
Phosphate adsorption was determined by equilibrating portions of the suspensions containing 10-25 mg sample with the required amount of Ca(H2PO~)2 made up to 20 cm 3 with CaC12 solution and water so that the solution was 0.01 M with respect to CaC12. The tubes were shaken for 16 hr, centrifuged, and the P in the supernatant liquid determined colorimetrically. The final pH was close to 5.8 for all samples.
Other techniques
X-ray fluorescence (XRF) was used to estimate the proportions of A1 in tetrahedral and octahedral sites (Hemni and Wada, 1976) . A PET crystal was used to analyze the A1Ka line in a Siemens sequential XRF instrument. Synthetic gibbsite and zeolite 13X (obtained from British Drug Houses) were used as standards and the radiation was measured at 0.005~ intervals. A run contained two samples and the two standards; each run was repeated ten times.
The procedures for electron microscopy and gas chromatography of the trimethylsilyl ethers of silicates has been described previously (Henmi and Wada, 1976; Masson, 1970, 1971) . Electron paramagnetic resonance (EPR) spectra were run at 298~ on a X-band Varian V4502 spectrometer using a frequency of 9.5 GHz and 30 mg of powdered sample.
The measurement of OH released from the sample by the reaction with NaF (0.85 M, pH 6.8, 25 min, 25~ followed the procedure of Perrott et al. (1976) . The measurement of acidity using Hammett indicators has been described by Henmi and Wada (1974) . Differential thermal analysis (DTA) results were obtained using a Du Pont 900 differential thermal analyzer.
RESULTS

Electron microscopy and differential thermal analysis
The electron micrographs of samples 961 and 963 (Figure la, b) show that aggregates of small distorted spheres or spherules are present, similar to those described by Henmi and Wada (1976) . Where the small spherules are in focus, they appear to be hollow, with an external diameter of 35-50/~, which is consistent with the descriptions of Japanese allophanes x. Wall thicknesses of the spherules are similar to those of the wall of imogolite tubes (< 10/~).
Samples 961 and 963 also contain some glass and imogolite which were estimated to be <5% of the sample. A few short tubes were observed, which were 50-100 A in length, having the diameter of imogolite tubes. Electron diffraction examination of sample 963 revealed broad lines at 1.1, 1.4, 2.2, and 3.3 ,~ with the intensity increasing from very weak for the 1.1-/~ line to strong for the 3.3-/~ line.
Sample 939 (Figure lc ) is similar to samples 961 and 963 except that some halloysite-like material, similar to that described by Saigusa et al. (1978) in their Figure  6 -1, is also observed. Sample 987 (Figure ld) is also similar to samples 961 and 963 except for tubes approximately 800 A in length and up to 200/~ in diameter which are probably one of the other morphological forms of halloysite found in volcanic ash soils (Saigusa et al., 1978) . The Silica Springs sample (1013) also has the characteristic ring shaped cross-section morphology of allophane as has been reported previously by Wells et al. (1977) .
The DTA curves for samples 939, 961,963, and 987 show strong endotherms near 100~ and exotherms near 900~ characteristic of allophane, and weak inflections near 400~ possibly due to imogolite. Samples 939 and 987 had additional very weak endotherms near 500~ assignable to halloysite.
Infrared spectroscopy
The IR spectrum of sample 963 (Figure 2a) shows most of the usual features for allophane except that the band near 975 cm -1 is sharper than has been reported previously (Wada, 1977) .
1 In this paper "allophane" refers to these spherules after Wada and Wada (1977) , "imogolite" refers to the tubular mineral (Wada, 1977) , and "imogolite structures" refers to the imogolite structural units (OH)aAI203SiOH on the atomic scale (Cradwick et al., 1972) . 
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Infrared spectrum of allophane 963 (a) in air; (b) evacuated 10 min; (c) treated with D20 and evacuated 10 min.
1200--4000-cm -~ region.
When sample 963 was evacuated ( Figure 2b ), the 1640-cm -1 water band was largely removed, leaving bands near 1600 cm a and 1460 cm -a, due to organic impurities, and the OH-stretching adsorption at 3530 cm -1. Comparison of the spectra (Figure 2a, b) in this region shows that most of the water can be removed by evacuation suggesting that it is not held strongly by allophane. Treatment with D20 and evacuation removed the remaining water band at 1650 cm -1 (Figure 2c ). The band at 3530 cm -~ due to structural OH groups was largely removed by D20 treatment, and an OD band appeared at 2600 cm -~ with shoulders at 2650, 2700, and 2730 cm 1. Thus, the large majority of structural OH groups were accessible to D20 and exchanged rapidly, indicating an open structure for allophane. This is consistent with a hollow spherical morphology where the thickness of the spherical shell is < 10 A. The presence of OD-stretching vibrations at 2700 and 2730 cm -1 indicated that two types of OD groups were in a free environment, and the other broad bands at 2600 and 2650 cm -~ suggested that the bulk of the OH (OD) groups in the structure form hydrogen bonds over a wide energy range.
200-1200-cm -1 region. The spectrum of sample 963 (Figures 2 and 3b ) hasmany of the features of the imogolite spectrum (Figure 3a) , although the bands for sample 963 are generally broader. D20 treatment produced a band at 696 cm -~ (Figure 2c ) assignable to SiOD corresponding to a SiOH vibration near 940 cm -1 in Figure 2b (Cradwick et al., 1972) .
A band at 840 cm -~ appeared when adsorbed water was removed ( Figure 2b ) and then shifted to near 620 cm -1 (Figure 2c ) upon D20 treatment. It is therefore assigned to an AIOH bending vibration (Cradwick et al., 1972) . The main Si-O-(A1) stretching vibration shifts from 975 to 960 cm -1 during evacuation and D20 treatment, consistent with an open structure for allophane. The Si-O stretching vibration at 970 cm -1 (Figure 2b ) is within the range for nesosilicates and sorosilicates (900-970 cm -a) (Russell et al., 1969) . The spectra of samples 961 and 939 treated with D20 are very similar to the spectra for sample 963 ( Figure  2 ) except that the absorbance of the AIOH band near 840 cm 1 is stronger than that for sample 963 or imogolite, suggesting that more A1OH groups are present.
The spectra of samples heated at 150~ in KBr disks are shown in Figure 3 . The spectra of the allophanes had bands at 348, 428,500, 570, and 690 cm -~, which were very close to the bands observed for imogolite (Figure 3a ) (Farmer et al., 1978) . The 995-cm -1 band due to the tubular morphology of imogolite (Figure 3a) was not observed for the allophane samples.
The absorbance of the band at 348 cm -~ has been used to estimate the percentage of imogolite structural units in allophanes (Farmer et al., 1977 ) (see Table 2 ). From these data 90% of sample 963 is made up of imogolite structures.
The spectrum of the stream sample 1013 (Figure 4a ) was quite distinct from those of the tephra samples. The Si-O band at 1025 cm -~ suggests that the silica is not present as a nesosilicate. The shoulder at 880 cm -~ was observed in the presence of adsorbed water and did not shift after D20 treatment. Therefore, it is not considered to be an imogolite-like A1OH vibration. However, the appearance of a weak SiOD band at 700 cm -I after D20 treatment showed that some SiOH groups were present. When the allophane samples were heated to 200~ 1 From infrared absorbance at 348 cm -1 (Farmer et al., 1977) 9 Reactive AIOH groups by phosphate adsorption. From reaction with 0.85 M NaF, 25 min (Perrott et al., 1976) .
4 OH released after 50 min. 5 By X-ray fluorescence. their spectra began to lose the imogolite-like features. These changes continued until 280~ at which temperature broad features at 600 and 1000 cm -1 with shoulders near 450 and 880 cm -1 (Figure 4b , c) developed in the spectra. The shift in the Si-O band from 960 to near 1000 cm -1 suggests that the SiO4 tetrahedra became more polymerized. The spectra have some similarities with that of stream sample 1013 (Figure 4a ) which suggests that tetrahedral AI sites (cf. Table 2 ) may be produced.
Comparison of weight losses at 150 ~ 280 ~ and 650~ indicates that the allophanes lost 70% of their structural OH at 280~ and that clearly, the structures have become more polymerized. This is consistent with the shift in the Si-O band and formation of A1 Iv sites.
When imogolite was heated to 280~ the intensity of the imogolite bands was reduced but imogolite structures were still present. Thus, allophanes are less stable to heat treatment than imogolite, suggesting that allophanes are more disordered than imogolite.
Additional features appeared at 470, 1030, and 1100 cm -~ in the spectra of the soil clay 939 (Figure 3d, 4c) , and of sample 987 (Figure 3e ). These features have been shown to arise from small amounts of halloysite and chlorite (Russell et al., 1980) which generally are present in New Zealand volcanic ash soils.
When pyridine was adsorbed on imogolite and on the allophane samples, which had been treated with DzO and evacuated, bands at 1440, 1485, and 1595 cm -1 were observed, indicating that the pyridine was adsorbed on the allophane and imogolite surfaces by hydrogen bonding (Parfitt et al., 1976) . The pyridine was removed by evacuation showing that the hydrogen bonding was weak, a result which was also obtained for the goethite surface (Parfitt et al., 1976) . There was no evidence of a band near 1540 cm 1 for samples prepared at both pH 3.5 and pH 6 suggesting that Bronsted (AI~V.OH2 +) acid sites either were not present on these allophanic samples or that they were not accessible to pyridine molecules due to steric factors. A shoulder near 1610 cm -1 indicated that Lewis acid sites (A1.HzO) were present.
Chemical analysis
The elemental composition of the dissolved allophane and imogolite listed in Table 3 is expressed on a 150~ oven-dry basis because the IR results showed that the structures were stable up to this temperature. The water lost by drying between 105~ and 150~ was 5% of the mass at 150~ From these data sample 963 has the same AI/Si ratio as an ideal imogolite structure but its OH/AI ratio is higher suggesting that the allophane has a number of broken bonds where OH groups are exposed.
Samples 939 and 961 have higher AI/Si ratios consistent with their stronger AIOH IR adsorption near 840 cm 1. Smaller amounts of Si and A1 were extracted by acid oxalate from samples 939 and 987 since they contain insoluble clay minerals such as halloysite (see IR results).
All samples contained moderate amounts of Fe except for the stream sample 1013. Smaller amounts of Fe were extracted with dithionite than with acid oxalate. Acid oxalate dissolves disordered material such as allophane or protoferrihydrite, whereas dithionite completely dissolves iron-rich materials but only partially reacts with allophane (Wada, 1977) . Therefore the allophane contains some acid oxalate-soluble Fe, which is not dissolved in dithionite, and the Fe is probably within the allophane structure substituting for A1.
Phosphate adsorption
Phosphate adsorption isotherms are shown in Figure  5 . The isotherms were determined in 0.01 M CaClz because, in this electroyte, strong adsorption occurs independent of pH. A standard shaking time of 16 hr was used; longer equilibration periods probably disrupt the structure of Al-containing adsorbents (Parfitt, 1978) . Synthetic gibbsite is used here as a model for phosphate adsorption on surfaces containing AIOH groups. This gibbsite carries 60-70 p.mole/g of reactive A1OH groups z which can react with small amounts of phosphate by a ligand exchange reaction (Parfitt et al., 1977) . The phosphate isotherm ( Figure 5) showed that 30/zmole P/g adsorbed at low P concentration (1 p~M P) and therefore twice this value corresponds to the number of reactive A1OH groups. This may be because, at this point on the isotherm where strong adsorption occurs, one phosphate ion reacts with two A1OH groups.
It is appropriate to Use gibbsite as a model for phosphate adsorption on allophane and imogolite because a gibbsite-like sheet is present in imogolite structures. The number of reactive AIOH groups in allophane and Reactive AIOH groups in gibbsite are the AlW(OH)H20 groups on edges where broken bonds occur and where the OH is co-ordinated to one AI ion only. imogolite has been estimated from 2 x P ads where P ads is the phosphate adsorbed at low P concentration (1/zM P in Figure 5 ). These estimates taken from Figure  5 are given in Table 2 .
An alternative method of estimating reactive AIOH is to use a higher P ads value such as the apparent maximum adsorption value. However, this is difficult to estimate on AI surfaces because phosphate continues to react up to very high phosphate levels where another phase is formed (Parfitt, 1978) .
The presence of Fe in the allophanes may influence phosphate adsorption, particularly if Fe is present as a separate phase in addition to Fe substituting for AI within the allophane structure. More phosphate is adsorbed by sample 939 than by sample 963 which may be because of the higher Fe content in sample 939.
The adsorption isotherm for stream sample 1013 is different from those of other samples ( Figure 5 ). Lesser amounts of phosphate are adsorbed at low solution concentrations which is probably explained by the few A1OH groups (see IR results).
X-ray fluorescence and gas chromatography
Allophane samples 939, 961, and 963 gave XRF A1 Ka lines at angles which were close to those for gibbsite, and it was concluded that most of the A1 was in octahedral sites. The peak angle for sample 1013 (147.34 ~ was intermediate between gibbsite (147.32 ~ and zeolite 13X (147.37 ~ giving an estimated 40% A1 in tetrahedral sites (Table 2 ).
The gas chromatographs (see Table 4 ) of the imogolite and the allophane derivatives, with the exception of 1013, were similar to those obtained previously (Cradwick et al., 1972) . The chromatographic pattern for imogolite showed a higher percentage of the SiO4 derivative than did olivine, a nesosilicate. The patterns for samples 939 and 963 were similar to olivine, whereas sample 1013 had a lower proportion of SiO4 derivative and correspondingly higher percentages of the polymerized derivatives.
The absolute yield of extracted Si was low (-25%), but the similarities between the patterns of allophanes 939, 963, imogolite, and olivine may indicate that Si is present in these allophanes largely as independent SiO4 tetrahedra. For sample 1013 the indication that the sil- 
Electron paramagnetic resonance (EPR)
The EPR spectra of the allophane sample 963 are very similar to those obtained by Kitagawa (1973) , with bands near g = 2 and g = 4. The g = 2 band is assigned to high spin Fe z+ in an octahedral site and g = 4 to Fe 3+ in a distorted octahedral site (W. C. Tennant, DSIR, Lower Hutt, New Zealand, personal communication). Sample 939 has a stronger signal at g = 2 due to the higher Fe content of this sample.
It seems likely that the Fe substitutes for AI in the allophane structure because no separate Fe phase was observed by the other techniques. However, an atomic coating of Fe on allophane particles or within aggregates would not be detected and this may also be present.
Dissolution in NaF and reaction to acidity indicators
Rapid reaction took place when NaF was added to the allophane samples, which indicates that there are a number of defect sites and broken bonds where F can react with AI and break up the structure. In contrast, imogolite reacted slowly because it is more ordered than allophanes and has less sites where F can attack the structure. The amount of OH released (Table 2) from the allophanes appears to be related to their A1 content (Table 3) , except for the stream sample 1013 which contains some A1 tv.
Sample 961 had a very low acidity, similar to that reported for imogolite. Samples 939 and 963 were very slightly more acid than imogolite. The acidity probably arises from specific sites where aluminum ions are held on the allophane surface. Such sites appear to be related to sites on kaolinite and montmorillonite (Henmi and Wada, 1974) .
DISCUSSION
The electron micrographs showed that the samples consisted of many particles similar to the hollow spherules or polyhedra observed previously for allophane (Henmi and Wada, 1976; Wada and Wada, 1977) . A small number of short tubes were present, and it is possible that some of the rings seen in the micrographs are the ends of tubes. However, the short tubes represented such a small proportion of the field that the majority of rings are almost certainly the images of hollow spherules, referred to here as allophane.
For sample 963, the IR results are similar to those obtained for imogolite (Russell et al., 1969; Cradwick et al., 1972) . The bands assigned to SiOH and AIOH for imogolite occurred near 940 and 840 cm -1, respectively (Figure 2) , and the easy exchange of these groups with D~O suggests that they are located on surfaces.
The appearance of several OD stretching vibrations, after evacuation, is similar to that found for imogolite, and the OD bands at 2700 and 2730 cm -1 show that in allophane also, some OD(OH) groups are not H-bonded.
The spectra of sample 963 and imogolite (Figure 3 ) are almost identical showing that the imogolite structure is present in this allophane sample. The absorbance of the band near 348 cm -1 was 90% of that of pure imogolite which suggests a high proportion of imogolite units in this allophane. This is supported by the XRF and gas chromatography data which show that the Si and AI in imogolite and allophane 963 are in similar environments and with chemical analysis which shows the AI/Si ratio in allophane 963 to be 2.0.
The Si-O-(A1) stretching mode of the isolated SiO4 tetrahedra in imogolite occurred at 945 cm -1 in heated KBr disks, while for allophane 963 the band was at a somewhat higher frequency, 970 cm -1, although still in the range expected for nesosilicates. The 995-cm -1 band of imogolite was not observed for the allophanes since it arises from the tubular morphology of imogolite.
The phosphate adsorption, NaF dissolution, IR spectra, and electron micrographs all indicate a lower degree of order in the allophanes than in imogolite. The imogolite structure is a single gibbsitic sheet, curled into a tube, with an outside diameter of 20 A, and with O3SiOH groups attached to the inside of the tube (Farmer and Fraser, 1979 ).
Allophane appears to have curved surfaces, and by analogy with imogolite the O3SiOH groups must occur on the inside surface of a curled gibbsitic sheet. If the allophane particles are perfect spheres made up of imogolite units, 125 unit cells of imogolite would give the same surface area as a sphere 40 A in diameter.
The phosphate adsorption results suggest that there are 320/xmole/g of reactive AIOH groups on sample 963. For a hypothetical perfect sphere, these sites could only be present if defects or pores occurred in the wall of the sphere, creating gibbsite-like edge sites.
Evidence for pores in the allophane spherule has recently been presented (Paterson, 1977; Wada and Wada, 1977) , and the results suggest that the pore diameters are between 3 and 20 ,~.
In Figure 6 two Si atoms and two AI atoms have been omitted from six imogolite unit cells (Cradwick et al., 1972) to give a pore with a diameter of about 4/~ which could accommodate an orthophosphate ion. By making a number of assumptions it is possible to estimate the number of pores on each sphere. The assumptions are that allophane spheres have a diameter of 40/~, a wall thickness of 7/~ with a density of 2.65 g/cm 3. This gives a specific surface of 800 m2/g which contains 2 • 1021 unit cells/g or 13,000/xmole A1/g. If 320/,mole AIOH/ g react with 160/xmole P/g and one phosphate adsorbs on each pore, then there are six pores for each allophane sphere of 125 unit cells. This estimate is probably low because six of these pores would leave 95% of the surface with undistorted imogolite structures, and the IR results suggest this value is close to 90%. The gas chromatography results indicate that sorosilicate (SizO~) groups are present that may be adsorbed at pore sites or defect sites, preventing some phosphate ions from being adsorbed. Further evidence for additional defect sites comes from the H20/A1203 ratios for the allophanes. The ratio of 2.6 for allophane sample 963 would require more than 20 pores, of the type shown in Figure 6 , per sphere. This large number of pores or defects would give the gibbsitic sheet the flexibility to form a distorted sphere.
The samples examined in this study were collected under humid moisture regimes (Cox, 1968) from both andesitic and rhyolitic tephras. The allophanes probably precipitated from weathering products of volcanic glass in an environment where hydroxyaluminum species and nesosilicates are produced. However, the imogolite units that formed are distorted and do not form tubes. It was noted (Table 3 ) that the iron content of allophanes is higher than that of imogolite and that the substitution of iron for aluminum in imogolite structures may induce a distortion which gives rise to the spherical morphology of allophane.
Samples 939 and 961 have higher A1/Si ratios and higher H20/A1203 ratios than sample 963 (Table 3) , suggesting that some SiO4 tetrahedra are absent in the imogolite units, leaving an occasional gibbsite-like structure in the allophane walls.
Investigations in this laboratory of 15 allophane sampies obtained from soils or ash beds in New Zealand (e.g., samples 939, 987), always show contamination with small amounts of layer silicates (including halloysite) having distinctive IR bands at 470, 1030, and 1100 cm -1 which persist after heating the samples to 280~ (Figures 3 and 4 , Farmer et al., 1978) . Stream sample 1013 has absorption bands, phosphate adsorption characteristics, Al w content, and silicate structures which are different from the other allophanes, and its properties are closer to aluminosilicate preparations which resemble feldspathoids (Farmer et al., 1979) .
It is concluded, therefore, that the New Zealand allophanes which were formed from tephra have imogolite structures on the atomic scale but they do not exhibit the tubular morphology of imogolite. However, they do have distinctive shapes which in electron micrographs appear to be hollow spherules or polyhedra. These samples have IR spectra similar to synthetic "proto-imogolite" gels (Farmer et al., 1978 (Farmer et al., , 1979 Farmer and Fraser, 1979) . These data support the proposal of V. C. Farmer (Macauley Institute for Soil Research, Craigiebuckler, Aberdeen, Scotland; personal communication) that they be called "proto-imogolite" allophane.
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